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ABSTRACT
Prokaryotic genomic DNA is generally negatively
supercoiled in vivo. Many regulatory processes,
including the initiation of transcription, are known
to depend on the superhelical state of the DNA sub-
strate. The stresses induced within DNA by negative
superhelicity can destabilize the DNA duplex at spe-
cific sites. Various experiments have either shown or
suggested that stress-induced DNA duplex destabil-
ization(SIDD)isinvolvedinspecificregulatorymech-
anisms governing a variety of biological processes.
WehavedevelopedmethodstoevaluatetheSIDDpro-
perties of DNA sequences, including complete chro-
mosomes. This analysis predicts the locations where
the duplex becomes destabilized under superhelical
stress. Previous studies have shown that the SIDD-
susceptible sites predicted in this way occur at rates
much higher than expected at random in transcrip-
tionalregulatoryregions,andmuchlowerthanexpec-
ted incoding regions. Analysisof theSIDDprofiles of
42 bacterial genomes chosen for their diversity con-
firmsthispattern.PredictionsofSIDDsiteshavebeen
usedtoidentifypotentialgenomicregulatoryregions,
and suggest both possible regulatory mechanisms
involving stress-induced destabilization and experi-
mental tests of these mechanisms. Here we describe
the SIDDBASE database which enables users to
retrieve and visualize the results of SIDD analyses of
completely sequenced prokaryotic and archaeal gen-
omes, together with their annotations. SIDDBASE is
available at www.gc.ucdavis.edu/benham/siddbase.
INTRODUCTION
In vivo, the biologically active form of DNA in prokaryotes is
negatively supercoiled. The amount of superhelical stress
imposed on the DNA is determined by the levels of competing
DNA topoisomerase enzyme activities, and by local events
such as protein binding or DNA transcription (1–3). Transient
changes in the level of global DNA supercoiling have been
observed with several types of environmental stress, including
heat shock, cold shock, pH changes, osmotic shifts, transitions
from aerobiosis to anaerobiosis and starvation (1,2). Along
with these changes in stress level, the expression patterns
of the bacteria involved were observed to be dramatically
altered (4–6). Reactions occurring on the DNA template,
including transcription and replication, also affect the local
level of supercoiling. When RNA polymerase threads through
the DNA template, it pushes a wave of positive supercoils
ahead, and leaves a trail of negative supercoils behind
(3,7). This can affect the expression of nearby genes.
One way in which negative superhelicity can inﬂuence
regulation is through the destabilizing effect it has on the
double helix at susceptible locations within the sequence.
Destabilization by even a few kilocalories, far less than
would be required to open the duplex, can have a profound
effect on the ability of a regulatory molecule to unpair the
DNA, as is required for the initiation of transcription or rep-
lication. In this manner the modulation of superhelicity can
affect both local and global patterns of gene expression.
Experiments have shown that stress-induced duplex destabil-
ization plays essential roles in the transcriptional regulation of
several genes (8–10).
We have developed computational methods that evaluate
the patterns of stress-induced DNA duplex destabilization
(SIDD) in DNA sequences (11,12). These analyses predict
the locations where the DNA duplex becomes susceptible
to separation when under superhelical stress. All confor-
mational and thermodynamic parameters are given their
experimentally measured values, so there are no free
parameters in these analyses. Despite this, their results are
in quantitative agreement with experiments in all cases
where experimental information is available.
When the entire Escherichia coli genome is analyzed in this
way, the sites that are predicted to be easily stress-destabilized
*To whom correspondence should be addressed. Tel: +1 530 754 9647; Fax: +1 530 754 9658; Email: cjbenham@ucdavis.edu
  The Author 2006. Published by Oxford University Press. All rights reserved.
The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
areattributedastheoriginalplaceofpublicationwiththecorrectcitationdetailsgiven;ifanarticleissubsequentlyreproducedordisseminatednotinitsentiretybut
only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org
Nucleic Acids Research, 2006, Vol. 34, Database issue D373–D378
doi:10.1093/nar/gkj007are found not to be distributed at random. Instead, these SIDD
sites are highly enriched in those intergenic regions that are
known or inferred to contain promoters, and occur infre-
quently in coding regions (13). Both components of this pat-
tern have very high statistical signiﬁcances. The frequency of
SIDD sites in intergenic regions separating convergent open
reading frames (ORFs), which are inferred not to contain
promoters, are consistent with random. A similar pattern of
SIDD sites avoiding coding regions and being enriched in
intergenic regions was noted in yeast, although there the
strongest SIDD sites were in the terminal ﬂanks of genes,
not in their promoters (14). Our most recent studies also
indicate that those genes in E.coli whose promoters have
strong SIDD sites are clustered in certain functional groups
such as transcription regulators, transport and membrane
proteins. It is interesting that many known supercoil-
responsive genes and environmental stress-responsive genes
have highly destabilized sites in their upstream 50 ﬂanks.
SIDD sites have been shown to be important functional
elements in regulating transcriptional initiation, transcrip-
tional termination and other biological activities. In E.coli,
activation of both the ilvPG and leuV promoters are mediated
by similar mechanisms involving a binding-induced translo-
cation of superhelical tension from a SIDD site to the promoter
(8,9). This translocated superhelical tension facilitates the
formation of the open initiation complex by unwinding the
DNA duplex in the promoter region. In humans, the initiation
of transcription of the c-myc gene is regulated by the binding
of FBP to a highly destabilized SIDD site (15). SIDD sites also
have been implicated in transcriptional termination and
Figure 1. An overview of SIDD sites in the E.coli genome. The genes are plotted in the inner circle, color coded according to their COG classifications as shown
in the gene color map. The SIDD sites are shown in the outer circle, color coded according to their minimum SIDD energy as shown in the SIDD color map.
D374 Nucleic Acids Research, 2006, Vol. 34, Database issuechromosomal matrix attachment in yeast (16). These and other
results show that SIDD isan essential component of regulatory
mechanisms for a variety of biological activities.
It is important to understand that SIDD properties are
not simply reﬂections of the underlying thermal stability of
the sequences involved. Stresses couple together the destab-
ilization behaviors of all base pairs that experience them.
This leads to much more complex, interactive behaviors
than that occur with thermal melting. Speciﬁc examples
have been presented elsewhere. [See Figures 1 and 2 of
Ref (17).]
Here we describe the database we are compiling of the
SIDD proﬁles of microbial genomes. Accessible over the
web at www.gc.ucdavis.edu/benham/siddbase, it gives
users an overview of the SIDD sites in their selected genome,
and their positions relative to the annotated genes. This
information will facilitate the identiﬁcation of regulatory
elements, such as promoter-containing regions, in the
genomic sequence. In addition, the original SIDD proﬁles




downloaded from the NIH microbial website http://www.
ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html. In all
cases the date of last revision was not earlier than June 24,
2004. The gene annotation information for each genome was
extracted from its GenBank ﬁle. The protein gene products
are classiﬁed into functional categories according to the
information in the Clusters of Orthologous Groups (COG)
database (18).
Our research group has developed three algorithmic strat-
egies to evaluate the equilibrium distribution of states of
destabilization of a short DNA sequence in response to
Figure 2. The ratio of the observed number of SIDD sites to the number expected if they were located at random. This ratio has been calculated for SIDD sites that
overlapintergenicregionswhoseflankingORFsareinanyofthreeorientations(DIV,divergent;CON,convergent;andTAN,tandem),andalsoforthosethatoccur
within coding regions. These results were calculated from the SIDD profiles of 42 bacterial genomes that were chosen to represent the phylogenetic diversity of
sequenced genomes and the range of AT/GC ratios. The X-axis is the SIDD level; the Y-axis is the ratio of predicted SIDD sites found in the regions to the expected
number of such sites if they were located at random. This shows that the pattern reported previously in E.coli K12 occurs throughout the sequenced prokaryotes.
Nucleic Acids Research, 2006, Vol. 34, Database issue D375negative superhelicity (12,19,20). These methods can calcu-
late the probability of opening of each base pair in the
sequence. One algorithm also calculates the incremental
free energy G(x) needed to guarantee opening of the base
pair at position x. This can be done for each base pair in
the sequence. Strongly destabilized sites require little or no
extra free energy to open, so their values of G(x) are near zero.
Sites that remain virtually as stable as they would be in relaxed
conditions (which is the majority of the genome) have G(x)
near 10 kcal/mol. Partially destabilized sites have intermediate
values.
These methods have been extended recently to enable the
analysis of long DNA sequences, and successfully applied to
the complete genome of E.coli (13,17). (For detailed informa-
tion on the algorithms and the methods for analyzing their
results, please refer to the cited publications.) The SIDD ana-
lysis of complete microbial genomes has been semi-automated
on a 38 node Apple cluster. All SIDD proﬁles were calculated
at superhelical density s ¼ DLk/Lk0 ¼  0.06, a moderate
physiological value. The results from the calculations were
manually reviewed for integrity, then their global character-
istics were analyzed by a set of Perl scripts and C++ programs.
The results were directly channeled to a PostGres database for
storage, visualization and further analysis.
RESULTS
As of the present (September 8, 2005) there are 134 analyzed
microbial genomes in this database, 118 from bacteria and
16 from archaea. We update the database whenever the
SIDD analysis of another fully sequenced genome is com-
pleted, so the number of analyzed genomes will rise in the
future. For each analyzed genome, the pattern of global
destabilization can be visualized as shown in Figure 1.
Each SIDD site in the graph is a set of contiguous base
pairs for all of which G(x) < 8 kcal/mol. These SIDD sites
were binned into disjoint sets according to the minimum value
Gm that G(x) attains within them. The lowest bin is determined
by Gm < 0, and the other bins contain the SIDD sites satis-
fying i 1 < Gm < i for i ¼ 1, ..., 6. A color map scheme is
used to represent these binned SIDD sites.
The SIDD sites in all the fully analyzed bacterial genomes
have a similar pattern of distribution to that reported previ-
ously for the E.coli genome (13). Strong destabilization
preferentially occurs in the intergenic regions separating
divergently (DIV) or tandemly (TAN) transcribed ORFs,
while avoiding coding regions. Destabilization in intergenic
regions separating convergently transcribing ORFs (CON),
which may be inferred not to contain promoters, is consistent
with random. This trend is clearly demonstrated in Figure 2,
which summarizes data from the analysis of SIDD locations in
42 bacterial genomes. For each genome in the SIDDBASE
database we provide a table summarizing the number of SIDD
sites at each level of destabilization, and the number of these
that occur in the three types of intergenic regions DIV, TAN
and CON. Systematic analysis is underway to compare the
SIDD properties of different strains of the same species,
between different phylogenetic groups of the same kingdom
and between different kingdoms.
One also can display detailed SIDD information for any
speciﬁcregionofinterest,asshowninFigure3.Theserequests
can be made by clicking on a region of the circular map, or by
specifying the site either by identifying an annotated gene it
contains or by its chromosomal location. The ﬁgure displayed
is a plot of the oriented genes in a 10 kb window centered on
the requested position, together with the locations of the SIDD
sites in the region. The genes are labeled, their orientations are
Figure 3. A segment of genomic DNA with annotated SIDD sites and genes. This view is obtained from the window of Figure 1 by clicking on a gene, or by
entering a gene name or chromosomal location into the appropriate field. The genes are annotated, and the SIDD sites are displayed as colored bars below
the line.
D376 Nucleic Acids Research, 2006, Vol. 34, Database issueshown by arrowheads, and they are color coded according to
their COG classiﬁcation. (RNA genes are put in a special
category ‘X’.) The end of an arrowhead corresponds to the
stop codon position of a gene. The SIDD sites are shown as
colored bars, coded according to their Gm values, and dis-
played below the line showing the annotated genes.
The graph of the SIDD proﬁle of a 5 kb long region centered
on a SIDD site can be viewed by clicking on the color bar
corresponding to that site. An example is shown in Figure 4.
The annotated genes in this area are identiﬁed and shown as
colored arrows. The SIDD proﬁle data used to generate each
such graph can be downloaded directly.
While the SIDD calculation for an entire bacterial genome
is time consuming, calculations for short DNA sequences (viz
5 kb) can be executed efﬁciently. We have provided a website
where users can calculate SIDD proﬁles of short sequences of
interest to them. This site may be accessed at http://www.
genomecenter.ucdavis.edu/benham/sidd (21). There one can
set some of the calculation parameters, including the assumed
superhelix density. It should be noted that the results calcu-
lated from the web server may not necessarily be identical as
the ones displayed on this database, even when the sequences
and the parameters are the same. The SIDD proﬁle of a DNA
segment in this database was calculated in its native global
genomic context, while the results from the web server
calculation were not.
FUTURE DEVELOPMENTS
The current database only contains SIDD proﬁles of complete
genomes from prokaryotes and archaea. In the future we also
will deposit the results of SIDD analyses for eukaryotic gen-
omes. Initially this will be yeast, at least one complete
chromosome from each fully sequenced eukaryote, and the
ENCODEregionsofthehumangenome.Weintendeventually
to include the SIDD proﬁles of the complete genomes of all
fully sequenced model organisms. We will also provide SIDD
proﬁlesofspeciﬁcprokaryotic genomes atseveralsuperhelical
densities. We will add further functionalities to the database
as these are developed, including SIDD-based (or SIDD-
assisted) promoter predictions. We will continue to analyze
more microbial genomes as their sequences are completed,
and we will periodically update our analyses in response to
signiﬁcant changes in NCBI Refseq sequences.
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